Purpose The purpose of this study is to optimise the settings of the Retinal Image Analysis Laboratory (RIALAB), a semiautomatic drusen quantification software, in planning for high-throughput quantification of drusen in clinical studies of age-related macular degeneration (AMD). Patients and methods A comparison of five different settings in RIALAB was made on 67 images from the Rotterdam eye study (population-based study) and 56 images from the fellow eye of patients with active neovascular AMD in King's College Hospital, London (hospital-based study). Results The 'Few Outer' setting was the best setting, with it being most appropriate for 52 (77.6%) of the Rotterdam cohort and 47 (83.9%) for the London cohort. Pearson's w 2 -test revealed both results to be statistically significant (Po0.0001). Conclusions RIALAB is a viable algorithm and software package that can detect, quantify, and analyse drusen efficiently in both population-based and hospital-based studies. We have shown that the 'Few Outer' drusen setting can be employed as the default setting, with fine-tuning only needed in a minority of cases, thus helping to speed up workflow.
Introduction
Age-related macular degeneration (AMD) is the leading cause of irreversible blindness in the developed world. AMD is a progressive disease with early detectable changes, such as drusen, which are thought to occur as a result of lifetime exposure to oxidative stress. As the macula mediates central photopic vision, macular pathology can result in a significant deterioration of visual acuity.
As drusen seldom affect the photoreceptors directly, patients are usually asymptomatic with drusen. However, the presence of drusen indicates an increased risk of progressive disease towards either advanced dry AMD or choroidal neovascularisation. Studies have shown that the size and extensiveness of drusen distribution influence the risk of progression; 1 therefore, the need for proper drusen identification in screening programmes is crucial.
The Age-Related Eye Disease Study has found a role for high-dose micronutrient supplementation consisting vitamins C, E, b-carotene, and zinc, which is able to bring about a 25% reduction in 5-year risk of progression to advanced AMD for patients with large or extensive intermediate drusen. 1 Because of the potentially serious implications of AMD, monitoring its progression remains of paramount importance. Monitoring drusen may help to predict the conversion of dry to wet AMD-the Rotterdam eye study has shown that having more than 10% of macular area covered by drusen conferred a sixfold risk in progression towards more severe AMD over 2 years. 2 However, having a more reliable method of identifying the progression patterns may help to group people into more precise at-risk groups, especially with the advent of increased knowledge regarding the genetics of AMD.
There has recently been significant interest in the field of drusen segmentation. Previous work has largely focused on strategies utilising localised threshold graphical methods of delineating drusen. 3, 4 More recent research has demonstrated that computer software is able to automatically distinguish between the drusen in AMD from similar-looking pisciform deposits and flecks in Stargardt disease. 5 Very recent work also has started to shed light on OCT-based systems, but while SD-OCT provides excellent visualisation of drusen-related RPE disease there are still limitations in the automated segmentation algorithms' ability to reliably identify drusen amount and size, especially for smaller drusen. 6 Current clinical practice involves manual drusen quantification, which has always been labour-and timeintensive, as well as subject to observer error due to the inherent subtle differences that drusen may exhibit. Here we present and test a software prototype called the Retinal Image Analysis Laboratory (RIALAB), which is able to utilise computational processing power to automate the quantification of drusen, using a global thresholding technique known as the Otsu method. RIALAB has multiple settings that can be customised to optimise its output based on the retinal photograph's drusen characteristics.
To further improve its throughput for future use in studying a large number of images and eliminate the need for manual adjustment for each fundus photograph, we performed a cross-validation study to identify if a particular phenotype of drusen was present in the cohort, from which we could optimise the software's algorithm parameters and develop a standard default setting for the software to improve its efficiency.
Furthermore, recent research has started to show that drusen load may have a functional correlation with functional measures (work presented by Pearce et al 7 at the Association of Research in Vision and Ophthalmology Annual Meeting 2012), as well as prognosis. 1 As such, there emerges a need for a reliable and accurate method that can identify the distribution and quantify the burden of drusen in the eye. Automated software packages such as RIALAB provide such a means, but need to be assessed to see whether it is robust enough to be used in both a hospital and a population setting.
Previous work on automated software has largely revolved around pilot tests on small numbers of patients to assess usability. However, they have largely again been theoretical experiments based on assessing multiple subtypes of AMD phenotypes. This paper aims to identify which drusen subtypes are most relevant in real life by being manifested more often in the population, and to test the software under real-world conditions.
Materials and methods
For this study, only retinal images of patients who were anonymised and had all identifiable personal data removed were used. This study also conformed to principles of the Declaration of Helsinki for medical research. 8 For our analysis, we utilised the RIALAB software package, a preliminary research prototype, which has been developed at Heffner Biomedical Imaging Lab. 9 RIALAB is a graphical platform designed to assist in the viewing, editing, and analysing of retinal images. It is based on a mathematical algorithm first published in 2005, 10 which essentially utilises the techniques of luteal compensation and background levelling to achieve a satisfactory delineation of drusen area. The Otsu method, an automatic histogram-based global thresholding technique, 11 is first utilised to provide an initial input to the background model for each zone. This initial input is then subjected to a number of iterations of the luteal compensation and background levelling steps of the algorithm above to refine the background model. Finally, the Otsu method is then rerun to obtain a finalised result.
Images (in any one of the common picture formats, such as JPEG or GIF) were loaded onto RIALAB. The user then selects the laterality of the photograph-either the left eye (oculus sinister or 'OS') or right eye (oculus dexter or 'OD'). Then, with the mouse pointer, the centre of the macula (the fovea centralis) and the closest border of the optic disc to the fovea centralis were selected to orient the software. From these initial selections, a 324 Â 324 pixel image is cropped from the overall photograph to focus subsequent analysis, with each pixel representing approximately 18.5 mm of length.
RIALAB then identifies and delineates the drusen, as well as localises them to various segments. The paradigm that is adopted is to visualise the macular area into two circles (the 'two-zone model'): an inner circle and an outer annulus, which are then further subdivided into four quadrants, giving a total of eight areas (Figure 1) . RIALAB is then able to quantify the amount of drusen in each quadrant, and exports these to a spreadsheet to enable easy further statistical analysis (Figure 2) .
The manual adjustment of RIALAB settings enables improved identification and area delineation of drusen. This is useful as drusen may manifest in various distributions. RIALAB was designed with five pre-defined setting parameters, which allowed some user-defined customisation of the analyses. Drusen may be 'hard' (exhibit sharp boundaries) or 'soft' (exhibit soft boundaries). They could also be sparsely located in the inner zone ('few inner zone') or the outer zone ('few outer zone'). Furthermore, the presence of pebble-like drusen could be accounted for. From these settings we derived a few combinations of default settings through miniature pilot studies, which had the best fit of drusen empirically, as decided by a consultant ophthalmologist (VC), from which we proceeded to test:
1. Few inner, soft inner (sparse distribution of predominantly soft, large drusen in the inner 3000-mm zone)
2. Few inner (sparse distribution of drusen in the inner 3000-mm zone)
3. Few outer (sparse distribution of drusen in the outer 6000-mm annulus) 4. Soft inner (predominantly soft, large drusen in the inner 3000-mm zone) 5. Few inner, soft outer (sparse distribution of drusen in inner 3000-mm zone, with drusen in the outer 6000-mm annulus being predominantly soft and large)
We analysed two cohorts of patients using the RIALAB software. The first cohort involved taking a random sample from a population study (the Rotterdam Elderly Study). 12, 13 And the second cohort is the fellow eye of patients with active unilateral neovascular AMD from King's College Hospital, London.
For the Rotterdam cohort, we selected a sample of 200 photographs from the enriched AMD database of 1508 images. The enriched AMD database has images of patients that have at least one eye having signs of AMD, with good image quality. Of these 200 photographs, only 67 (33.5%) had the appearance of early AMD, as evidenced by the presence of drusen. Images that had no drusen and those with end-stage disciform scars were removed.
The Rotterdam Study is a large, prospective, singlecentre population cohort study, first started in 1990, which aims to investigate the epidemiology, aetiology, and progression of illnesses in four broad areasneurogeriatric, cardiovascular, locomotor, and ophthalmic diseases. The entire population over 55 years of age in the district of Ommoord in Rotterdam, The Netherlands, was invited to join the study. Initially, 7983 subjects were recruited when the study was commenced in 1990; in 2002, a further 3011 subjects were added, bringing the overall total to 10 994 subjects to date. 14 The London cohort is from 56 images at the King's College Hospital, London, with known unilateral active neovascular AMD with a relatively preserved fellow eye. The fellow eye was used in the study.
An observer then looked at each of the images and picked the setting that was thought to best represent the drusen graphically for each image. The results were subsequently tabulated in a spreadsheet. To test for reproducibility, the same observer was instructed to reassess the images again 1 week later, and his output the second time around were compared with that from the initial round. To improve validity, another observer was Figure 1 Fundus photograph of the right eye with a conceptualised diagram superimposed on it. The central macular area is divided into an inner circle (3000 mm in radius) and an outer annulus (6000 mm in radius). The circles are then further subdivided into four quadrants, namely the superior, inferior, temporal, and nasal quadrants, giving a total of eight areas for analysis. Figure 2 Example of a retina with drusen, and its numerical output (Table 1) . also asked to look at the same images and to list her choices as to which of the settings were most suitable, and this was subsequently compared with the first observer's output.
The same process was repeated for this batch of 56 photographs from the hospital study. A Pearson's w 2 -test was carried out to check for statistical significance of any findings.
For the purposes of our study, we took the best setting to be the setting that most closely delineates the drusen in the photograph. This was determined by a lay-person who analysed the photographs and determined which setting would best visually match the area of drusen. RIALAB was designed with the hope of being able to provide accessibility to various members of the clinical team, and with this endpoint in mind a lay-person was used as the subject.
Results
The 'Few Outer' combination setting was the best setting for 77.6 and 83.9% of the images in the Rotterdam cohort and London cohort, respectively, whereas the Pearson's w 2 -test revealed the probability of observing this distribution among the various settings is statistically significant (Po0.0001). The details were summarised in Table 2 . An example of the software in action is depicted in Figure 3a . The outputs from the various settings, when run against an example photograph, are shown in Figure 3b . Table 2 and Figure 4 show the results for the Rotterdam Study and London AMD cohorts.
In terms of reproducibility, the same initial observer when asked to reassess the same images 1 week later had a concordance rate of 65 out of 67 images (97.0%). In addition, the inter-observer concordance rate between the first observer and second observer was 64/67 (95.5%).
Discussion
In this study, we have shown that RIALAB is a potentially viable method of detecting drusen automatically, and a default setting of the 'Few Outer' drusen can be selected to further optimise its workflow.
The ability of RIALAB to delineate and quantify the drusen means it would also have potential in obtaining standard and reproducible longitudinal measurements of patients' drusen development, thus facilitating the clinician in assessing the progression of the patient's AMD.
There has been tremendous variability in the way similar studies have sought to confirm the validity of the analyses. For example, Rapantzikos et al 15 assessed their output against two expert analyses, and the interception between the experts' gradings were used. On the other hand, data from Smith et al 10 were evaluated by one expert, following which sensitivity and specificity were derived. The intention in this study was for the software to be eventually used by someone with basic training rather than someone with advanced ophthalmological training (eg, consultant ophthalmologist), and thus we used a trained medical student to analyse the data.
It is also foreseeable that the use of this software and its automated algorithm would tremendously facilitate and expedite the mass screening of drusen formation in the general population by enabling an efficient and accurate analysis and screening of drusen formation. This is achieved by RIALAB being able to analyse drusen relatively quickly-each photograph took about 60 s to analyse with the processing capability of a personal notebook computer.
The second outcome of this study was that there was a clear default setting (the 'Few Outer' drusen setting), which could be used with this software and algorithm. The 'Few Outer' setting was deemed to be the best setting in 77.6% of patients in the Rotterdam Elderly Study and 83.9% in the hospital-based study. Of the remainder, about half of them would be covered by the next best 'Few Inner, Soft Inner' setting. This is again of practical importance, as this means that with just the default setting, about four out of five photographs would be able to be analysed accurately, with the clinician easily making a switch of the settings for those patients whose drusen do not neatly fit into the default setting.
By having a default setting, graders would be able to fully automate their workflow by running the retina photographs through the default setting of 'Few Outer', thus achieving a highly accurate result about 80% of the time. By quickly scanning through the images pre-and post-analysis, images which do not fit neatly within the default settings could be selected and rerun under the next best setting of 'Few Inner, Soft Inner'. The implementation of a default setting would greatly enhance the workflow of the software by eliminating one more rate-limiting step in the analysis of the software. Ultimately, this study represents an initial study and a proof of concept of the use of automated software to analyse drusen efficiently and to present an efficient pathway for assessment.
Conclusion
RIALAB is a viable algorithm and software package that can help to detect, quantify, and analyse drusen efficiently. This could potentially have great utility in assisting primary care clinicians in detecting, and monitoring, the progression of dry AMD. This software would also enable more accurate characterisation of drusen size and distribution as a marker for progression of AMD and response to treatment. In addition, we have shown that one combination of settings, namely the 'Few Outer' drusen setting, can be employed as the default setting in both population-based and hospital-based studies, with fine-tuning only needed in the minority of cases where it is not accurate, thus helping to speed up the workflow even more.
Apart from its potential use in screening, we envisage further research uses for this software in research. Possible directions in the future could include using it to analyse the prognostic significance the characteristics of drusen, whether it is its distribution in different anatomical regions, size, or by the hardness of its borders. Further collaborations with the Rotterdam Elderly Study regarding its uses in analysis and predicting prognosis are already under way.
Summary
What was known before K Manual drusen quantification is a time-intensive process with poor accuracy.
What this study adds
K Computer software can perform automatic drusen quantification, which is more efficient.
K It is possible to configure defaults for the software to further improve throughput, as certain drusen phenotypes more commonly occur, as shown in this paper.
K The use of automatic drusen-quantifying software has numerous advantages, including allowing monitoring of drusen as biomarkers for longitudinal studies and also to expedite mass screening of the population.
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